This article presents a new optical set−up for illumination of a common area with
Motivation
The main concept is to utilize a set of a few independent, not mutually coherent light sources which are illuminating the same rectangular area. We expect a rectangular shape of a uniform light distribution at a given distance by special beam shaping approach.
From the technical point of view, many devices need sophisticated light sources to enable proper working. Previ− ously, the illumination systems were often powered by light bulbs but nowadays the replacement of the electrical bulb by a semiconductor light sources is worth considering. Such a solution provides lower energy consumption, as well as better mean time to failure (MTTF) parameter. The life time of a light emitting diode (LED) is much longer than that of the traditional light bulb. Elements based on a few LEDs can be created and placed instead of the filament. Additio− nally, an optical system with LEDs and diffractive compo− nents can be very compact and lightweight.
The main aim of our work, i.e., a uniform light distribu− tion at a given distance, can be achieved by proper light sources spacing in a planar or non−planar surface [1] [2] [3] [4] . However, the mentioned optical set−ups require many inde− pendent light sources, usually more than eight.
The presented concept utilizes a set of two light sources illuminating the same rectangular area. Thanks to the particu− lar diffractive element, called fan−out element or Dammann grating (DG) [5] , each of the light sources creates an array of small spots which are uniformly distributed on the whole rectangular area. Those dots appear with defined distribution and each light source corresponds to the different subset of the spots. In the case of a malfunction of one of the light sources a number of spots disappears which results in a lower total intensity of the illumination of the rectangular area. However, the general shape of this area remains unchanged. Additionally, the light spots spread steadily at larger dis− tances due to diffraction. Therefore the overall uniformity of the rectangular distribution improves against the distance. Hence, by assuming a proper distance from our corrective structure one can obtain a satisfactory uniform irradiance, which is an important advantage of our method. The given concept can be easy extended for a set−up containing more than two independent light sources. For the numerical calcu− lations and experimental analysis we use plane waves gener− ated by lasers. Nevertheless, for practical reasons mentioned in this chapter one can substitude lasers by LED sources us− ing the same corrective structures. A LED is a non−point light source which is a significant disadvantage in most cases. In our case we predict that this fact should contribute to achieving larger light spots in the rectangular area, which should result in even higher intensity uniformity.
Theoretical introduction
The main assumption of a Dammann grating is to create a diffractive optical component which splits one beam into defined number of beams with the same intensity. The men− tioned structure should be fabricated with two−phase levels (i.e. a binary−phase structure). According to the Fourier optics [6] , an amplitude of the m−th order of diffraction is given as follows
where t(x) is the transmittance of a grating and d denodes its period. Moreover, for a phase structure, the amplitudes are connected by the following normalization condition
The DG is a binary, phase modulated structure. In our case, the phase retardation Df is either 0 or p. The light intensity distribution behind DG is determined by the transi− tion points t n of the grating illustrated in Fig. 1 .
The transmittance of the DG period is given by the fol− lowing equation
Then, the intensity of the m−th diffraction order is stated as follows ...
A numerical analysis is used to find the transition points t n of the DG in order to achieve a desired geometry of an output light distribution and a proper light diffraction effi− ciency [7] . Our aim was to compute two DGs. In the case of first DG A const m = when m £ 15 and A m = 0 when m > 15. The other grating had A const n = when n £ 2 and A n = 0 when n > 2. Finally, the obtained gratings were nu− merically crossed perpendicularly, thus creating the two di− mensional DG with A const mn = when ( ) m £ Ù 15 ( ) n £ 2 and A mn = 0 in the other cases. Such two−dimensional phase masks were used to produce DG by photographic exposing.
One can consider calculating DG as a multi level phase element in order to increase diffraction efficiency but it leads to structures with complex grooves the shape of which are difficult to realize in practice. Nevertheless, multiphase gratings for array generation are well known [8] [9] [10] .
Two−dimensional, nonseparable approach was not used also because it increases significantly computational effort [11] [12] [13] [14] .
The principle
The main principle of the optical set−up is presented in Fig. 2 . In this set−up, two independent He−Ne laser beams (A and B) were used. The experiment assumes that two DGs with attached lenses with the focal length f are illuminated with two independent plane waves. Each beam generates two−dimensional array of spots in the z 1 plane (i.e. focal plane of lenses).
Moreover, the optical elements are arranged in such a way that spots generated by one beam are shifted towards spots generated by another one in a way presented in Fig. 3 . Centers of all spots create a periodical array. The size of each spot is limited by diffraction on the aperture of the DGs and the lenses.
We should keep in mind that the A and B beams are propagating in different directions. The corrective element must be used to allow a propagation of the light coming from two light sources along the common optical axis. This propagation forms sufficiently uniform illumination in an output plane z 2 . Such a corrective element (here named CE) Opto is a diffractive structure (i.e. a matrix of diffractive prisms) that bends the A beam and B beam in the opposite direc− tions. As a result, the beams behind z 1 plane are propagating in the same direction, along the optical axis, while preserv− ing the intensity uniformity. Figure 4 presents phase distribution of an exemplary CE. It should be mentioned that whole set−up must be care− fully adjusted. Small imperfection in mutual placement of the elements leads to undesirable shift between spots. It can result in deformed illumination of an output plane that does not fulfil the assumed uniformity.
Numerical simulations
The numerical simulations were carried out on matrix of 8192×8192 pixels with the sampling of 5×5 μm and the wavelength equal to 632.8 nm (corresponding to the wave− length of the He−Ne laser).
DG was a binary structure that had a square aperture of 10×10 mm and a grating period of 1 mm. Each DG formed an array of 31×5 dots. According to numerical calculations, the diffractive eficiency of such a DG equals to 63% [7] . The Fresnel lenses were kinoforms that had a circular aper− ture with a radius of 10 mm. The focal length of the lenses was 1 m. The corrective element had a form of a rectangular shaped kinoform with dimensions of 20×5 mm consisting of horizontally stacked blazed diffractive gratings with a pe− riod of 63.2 μm as illustrated in Fig. 4 . The gratings are placed alternatingly in opposite directions so that adequate fragments of light beams are bended in proper directions. Beams A and B shaped by the DG propagate at a mutual angle of 10 mrad. The grating period was calculated to match the incidence angle of the beams shaped by the DGs. As the result, after passing the CE two beams propagate in one common direction.
The propagation was calculated by means of the modi− fied convolution method [15, 16] . The obtained light inten− sity in the z 1 plane is presented in Fig. 5 .
The influence of the CE diffractive element is presented in Fig. 6 . Note that beams A and B propagate in different directions when CE is not used [ Fig. 6(a) ]. Thus, the result− ing light distribution in the plane z 2 (located 30 cm after z 1 plane) is not a uniform rectangle and is transversally spread. The presence of the CE element [ Fig. 6(b) ] provides that the beams A and B propagate in the same direction, along the optical axis.
Experimental results
Experimental parameters matched those assumed in nume− rical simulations. The Dammann gratings used in the exper− iment were designed to create the array of 31×5 dots. The grating constant of each DG was equal to 1 mm. The focal length of the lens was 1 m and the He−Ne laser with wave− length 632.8 nm was used. Moreover, apertures and dimen− sions of diffractive structures were the same as in computer simulation. The diffractive structures, two DG and the CE, were prepared in a pure−phase form by photographic expos− ing, developing, fixing and bleaching of Agfa Gevaert 10E56 holographic plates [17] . Figure 7 presents the obtained light intensity distribu− tions in the z 1 plane. Figure 8 presents the experimental intensity distribution in the plane z 2 (located 30 cm after z 1 plane) with the presence of the CE element in the plane z 1 .
The pictures were captured with a Nikon D700 digital camera. Total light intensity integral for the selected area is equal to 307 a.u. (arbitrary units) in the case of illumination by two beams A + B [ Fig. 8(a) tion by the beam B only [ Fig. 8(b) ], the total light intensity integral is equal to 157 a.u., which is approximately a half of the value in the A + B case. However, the rectangular shape remains generally unchanged, which stands in a full agree− ment with the theoretical predictions.
Conclusions
A Dammann grating (DG) and a specially designed correc− tive element (CE) were used to create an optical wavefront forming a rectangular shape in a given plane. With a good approximation, a uniform light distribution of the rectangu− lar shape was provided even if one of the light sources fails. In such a case the desired shape of the light distribution remained unchanged, however, the total light intensity was lower. A special corrective element was proposed to avoid beams propagation in different directions. The beams were merged into one beam propagating along the optical axis.
The experimental results show good accordance with the numerical simulations. For the needs of applications, the experimental set−up can be adapted to larger incident angles. In such a case, the experimental set−up presented in Fig. 2 should be improved with optical prisms placed after lenses. A solution analogi− cal to the one given here can be easily implemented for more than two independent light sources.
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